We present a method for predicting permeability from sonic and density data. The method removes the porosity effect on the ratio v p /v s of dry rock, and it addresses the specific surface as an indirect measure of permeability. We look at ultrasonic data, porosity, and the permeability of 114 carbonate core plugs. In doing so, we establish an empirical relationship between the specific surface of the solid phase ͑as calculated by Kozeny's equation͒ and v p /v s ͑linearly transformed to remove the porosity effect͒. One must view the specific surface derived by using Kozeny's equation as an effective specific surface because Kozeny's equation only holds for homogeneous rock with interconnected pores. The ratio v p /v s of dry rocks, on the other hand, seems to be controlled by the true specific surface, pointing to an inherent limitation in the method. The 114 carbonate plugs originate in three geological settings and comprise 83 calcitic and 31 dolomitic samples. Their depositional texture varies from mud-dominated to grain-dominated and recrystallized types. Our research applies the relationship to 137 carbonate samples from two different depositional settings. We find a reasonable match between predicted and measured permeability. The match is better for samples with carbonate mud-filled depositional textures than for carbonate mud-poor depositional textures. Diagenetic factors such as vuggy porosity decrease the predictability of permeability.
INTRODUCTION
Attempts to predict permeability from porosity and sonic data have been made by several researchers ͑Klimentos and McCann, 1990; Akbar et al., 1993; Prasad, 2003; Tsuneyama et al., 2003; Yamamoto, 2003͒ . The historical focus has been on predicting permeability from P-wave velocity and attenuation. Klimentos and Mc- Cann ͑1990͒ report on the P-wave attenuation of water-saturated sandstone, both clay-free and clay-bearing. For clay-free sandstone, they find attenuation in accordance with the theory of Biot ͑1956͒. In contrast, for clay-bearing sandstone, they find a higher attenuation. They propose that the higher attenuation might reflect viscous interaction between clay particles and pore fluid. Klimentos and McCann ͑1990͒ conclude that attenuation depends on porosity and clay content. They propose that for a given porosity, attenuation systematically increases with decreasing permeability and that this increase is because of the permeability-reducing effect of clay. Akbar et al. ͑1993͒ similarly note that whereas P-wave velocity of sandstone is only moderately influenced by clay content, P-wave attenuation and permeability are both strongly dependent on clay content. This dependency indicates that attenuation is a key factor in determining permeability. From a porosity model of parallel tubes, they find attenuation to have a sharp peak at low permeability. Accordingly, Yamamoto ͑2003͒ models permeability of high-porosity aquifer limestone from attenuation data. Interestingly, from a study of bioclastic carbonates, Tsuneyama et al. ͑2003͒ find that the v p /v s ratio carries information on permeability: High v p /v s at high permeability corresponds to grainstone facies ͑v p is sonic P-wave velocity and v s is sonic shear wave velocity͒. Tsuneyama et al. ͑2003͒ can predict the relationship from a rock-frame model. Prasad ͑2003͒ studies a wide range of rock types, including sandstone and limestone. She finds that for a given flow zone unit, P-wave velocity of water-saturated samples correlates with permeability. On the other hand, she does not find a convincing correlation between permeability and P-wave attenuation.
Thus there is a lack of a pattern among the published results on permeability versus P-wave attenuation. Perhaps porosity so strongly controls permeability, that the effect of porosity on permeability may mask the influence of other factors. Permeability is related not just to the porosity, but also to the interface between the pores and the solid material ͑the specific surface͒ ͑Kozeny, 1927͒. For homogeneous sediments with high pore-connectivity, such as chalk, permeability may be predicted directly from porosity and specific surface by using Kozeny's equation without empirical factors ͑Mortensen et al., 1998͒. For less homogeneous sediments, we can calculate ͑using Kozeny's equation͒ an effective specific surface from permeability and porosity. We infer that it is this effective specific surface that controls fluid flow ͑permeability͒. Seismic attenuation in sediments correlates with clay content ͑Klimentos and McCann, 1990; Schön, 1996͒. We assume this correlation is caused by the high specific surface of clay. We thus expect a negative relationship between the quality factor ͑Q͒ and the true specific surface.
The quality factor is not easy to measure, but it does correlate negatively with v p /v s ͑Xu and Stewart, 2006͒. The negative correlation, though, may be mainly controlled by porosity. The use of high v p /v s as a clay indicator in fluid-saturated shaly sandstones probably reflects a relatively low v s of water-saturated shale ͑citations in Mavko et al., 1998͒. The pattern is different for dry sediments. Data from a recent study of chalk from the North Sea indicate that v p /v s for water-saturated chalk appears to relate to porosity and specific surface in a complicated manner ͑Figure 1a͒. In contrast, a more straightforward pattern is seen for dry chalk ͑Figure 1b͒. For dry chalk of a given porosity, v p /v s tends to decrease with increasing specific surface, as measured by nitrogen adsorption ͑BET͒. ͑c͒ Comparison of specific surface as measured by BET, and as estimated from Kozeny's equation recalculated to specific surface relative to solid mass S gm . Low S gm of samples with high BET ͑and vice versa͒ may be because of sample heterogeneity. ͑d͒ The ratio v p /v s for dry samples is related to specific surface and Klinkenberg permeability.
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METHOD
Data for the study include plug data on carbonate mineralogy, texture, porosity, Klinkenberg-corrected permeability ͑͒ as well as ultrasonic v p and v s for dry samples. Because , v p , and v s all depend on porosity but not in the same way, our strategy is to normalize the data so that the effect of porosity is minimized.
Porosity-permeability relationship via specific surface
We can calculate the effective specific surface from porosity ͑͒ and Klinkenberg permeability ͑, given in m 2 in the equation but typically reported in mD͒ by using Kozeny's equation ͑Kozeny,
where c is Kozeny's factor. This factor can be calculated from porosity via a simple model of linear 3D interpenetrating tubes ͑Morten-sen et al., 1998͒, c = ͩ4cosͩ
and S is the effective specific surface with respect to bulk volume ͑given in 1/m in the equation but typically reported in m 2 /cm 3 ͒. According to equation 2, c increases from 0.15 to 0.25 as increases from 0.05 to 0.5. For homogeneous sediments such as clean chalk, the effective specific surface is equivalent to the one measured by nitrogen adsorption ͑BET͒. But for inhomogeneous samples, the two measures are not equivalent ͑Mortensen et al., 1998; Figure 1c͒ . Specific surface can also be calculated with respect to pore volume
or with respect to solid volume ͑S g ͒,
The three data sets cover a wide range in porosity, from less than 0.05 to close to 0.5. They vary a lot in permeability, from less than 10 −3 mD to more than 10 4 mD. Porosity and permeability are not correlated ͑as reflected in the large variation in effective specific surface͒. However overall porosity-permeability trends are observed for each data set ͑Figures 2-4͒.
Let us compare the alternative ways of calculating specific surface. When we compare to curves calculated directly from Kozeny's equation 1, we find that specific surface with respect to bulk volume ͑S͒ tends to decrease with porosity ͑Figure 2͒. We see that the specif- 
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ic surface with respect to pore volume ͑S p ͒ clearly decreases with porosity ͑Figure 3͒. Finally, we find that the specific surface with respect to grain volume ͑S g ͒ apparently is independent from porosity ͑Figure 4͒. We therefore base the remaining analysis on S g . As shown in Figure 4 , S g varies from less than 0.1 m 2 /cm 3 to around 10 m 2 /cm 3 in practically the entire porosity range.
v p /v s -specific surface relationship via attenuation
The ratio v p /v s for the dry samples varies from less than 1.5 to more than 1.9. We find that although v p /v s for dry carbonates has a larger scatter, it relates ͑overall͒ linearly to porosity. Thus we infer that the effect of porosity can be reduced by a simple linear transformation. Please note that for water-saturated carbonates, the v p /v s -relationship is less simple ͑Castagna et al., 1993; Figure  1͒ . Subsequently, where water-saturated data are available, they should be recalculated via Gassmann's relations ͑Gassmann, 1951͒; although Gassmann's relations give only approximate predictions for heterogeneous carbonates ͑Baechle et al., 2005͒. For each dry data set, v p /v s tends to decline as porosity increases ͑Figure 5a͒. We also observe that data sets characterized by low S g , tend to have high v p /v s for a given , and vice versa ͑Figures 4b and 5a͒. In an attempt to remove the porosity effect on v p /v s and mimic a reflected -log͑S g ͒ trend, we apply a simple linear transformation ͑Figure 5͒. We suspect that the scatter in these data reflects different depositional texture and porosity type. We do not expect a statistical variation, and no statistical method was applied when assessing the linear transformation.
The transformed v p /v s is now compared to log͑S g ͒ because both measures should be relatively free of porosity control. A simple correlation via linear regression would be difficult to apply ͑Figure 6͒. In theory, a bad correlation can arise for two reasons. First, because the effective S g ͑derived from Kozeny's equation͒ will tend to be lower than true S g ͑which is related to attenuation and thus to v p /v s ͒ in layered or fractured samples. Second, because effective S g will tend to be higher than true S g in samples dominated by molds and vugs. We therefore chose to disregard the Unda and Clino samples, which were reported to be dominated by vugs and molds. Instead, we chose to base a linear v p /v s -log͑S g ͒ relationship on those North Sea where it should be observed that S g is multiplied by m to make S g dimensionless.
RESULTS

Prediction of permeability
By applying equations 1, 2, 4, and 5, we now reverse the process and predict permeability from porosity and v p /v s ͑Figure 7͒. The samples that were used to derive equation 5 follow the expected trend, whereas the permeability of the Unda and Clino samples tend to be overestimated. A conservative estimate is given for ODP Leg 194 samples ͑Figure 7a͒. When the data for the two test sets are added, we find that they tend to follow the predicted trend ͑Figure 7b͒. Note also that the dolomitic samples ͑the majority of the samples from ODP Leg 194͒ do not form a separate trend from the calcitic samples ͑North Sea, Unda, Clino, and test sets 1 and 2͒.
Textural control on permeability
We expect that the scatter in the permeability prediction reflects depositional texture and pore type. To see if this assumption is justi- Figure 5 . It should be observed that S g is multiplied by m to make S g dimensionless. The line is not a correlation line, but rather an attempt to give the most emphasis to points with a high S g ͑low permeability͒ for a given transformed v p /v s . Klinkenberg permeability (mD) 84 x 120 mm (600 x 600 DPI) Figure 7 . ͑a͒ Predicted permeability as compared to measured permeability. ͑b͒ Same figure, but with data for two test data sets representing bioclastic limestone.
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fied, we split all data according to texture. Samples dominated by carbonate mud ͑mudstones, wackestones, packstones, and floatstones͒ are in one group ͑Figure 8a͒ and more mud-poor textures ͑boundstones, rudstones, grainstones, and totally recrystallized samples͒ are in another group ͑Figure 8b͒. We find that the permeability prediction is reasonable for samples with mud-dominated textures, and that poorly predicted permeability in this group tends to reflect samples with vuggy porosity ͑Figure 8a͒. In the mud-poor group, the scatter is larger, but we do not see an indication of different textures following separate trends ͑Figure 8b͒.
DISCUSSION
Could we have made just as good a prediction of permeability from porosity alone? A figure comparing measured permeability to permeability predicted from porosity will be identical to a figure representing measured permeability versus porosity; only the x-axis changes scale ͑Figure 9a and b͒. A comparison to the prediction of permeability from porosity and v p /v s indicates that the prediction by v p /v s has improved substantially ͑Figures 7b and 9b͒. For a given data set, though, prediction of permeability is not much improved by introducing v p /v s . The advantage of including v p /v s is that it has the potential to separate high-permeability carbonates from low-permeability carbonates, without prior information on mineralogy and pore type.
The question may also arise as to whether we might have predicted specific surface from v p rather than from v p /v s . We find, though, that the porosity v p trend is shifted not primarily as a function of spe- Figure 9 . ͑a͒ Klinkenberg-corrected gas permeability versus porosity for all samples. The curves indicate constant S g : specific surface with respect to grain volume ͑as calculated from Kozeny's equation͒. ͑b͒ Measured permeability of all samples versus permeability, as predicted from porosity ͑͒ by a log-linear relationship: = 0.0005e 34.4 . ͑c͒ P-wave velocity ͑v p ͒ versus porosity for all dry samples. For v p , the samples are split into two subsets with different trends according to mineralogy, so that dolomite-rich samples from ODP Leg 194 follow the high-velocity trend.
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cific surface ͑as indicated by the calcitic test samples, which plot together with the North Sea chalk͒, although specific surface is different ͑Figure 9a and c͒. The trend is also a function of mineralogy because dolomitic samples fall on a trend shifted to a higher v p , compared to calcitic samples ͑Figure 9c͒. It is also relevant to ask if the described procedure could have been simplified by predicting permeability directly from v p /v s . However, an attempt to correlate to v p /v s indicates that this prediction strategy will not work ͑Figure 10a͒.
Finally it is relevant to address if permeability might be predicted from v p directly. In accordance with Prasad ͑2003͒, we find that for each data set, and v p are related, but that an overall prediction of permeability from v p cannot be done ͑see Figure 10b͒ .
CONCLUSIONS
An overall estimate of permeability for carbonate sedimentary rocks may be obtained from porosity, P-wave velocity ͑v p ͒, and shear velocity ͑v s ͒. An estimate can be obtained in this way because dry rock v p /v s and permeability are both dependent on porosity and the specific surface of the sediment.
In the studied porosity range ͑0.05-0.5͒ the overall relationship is not obviously controlled by depositional texture or carbonate mineralogy, as long as the texture is homogeneous on the scale of measurement ͑core plugs͒. The presence of fractures or vuggy porosity has the potential to leave the permeability estimation unreliable. Figure 10 . Permeability cannot be predicted directly from ͑a͒ v p /v s or ͑b͒ from v p alone ͑all samples͒.
